The pulmonary interalveolar capillary bed of the cat has previously been shown to be consistent with a sheet-like endothelium-lined space bridged by avascular endothelium-covered posts. This was termed the sheet-flow model, and blood flow through that space is termed sheet flow. The initial formulation of the sheet-flow theory and model required that sheet thickness be the independent variable. Sheet thickness (h) was measured in vertical and horizontal silicone-elastomer-perfused cat lungs over the transmural (alveolarcapillary) pressure (Ap) range of 6.3 to 27 cm H 2 O. A plot of h vs. Ap for 2753 individual measurements is linear over the measured pressure range. The regression line is described by h -4.28 -f-0.2191 Ap. Sheet thickness of 4.28 (JL at zero pressure is an extrapolated value. The value 0.2191 fi/cm H 2 O is the compliance coefficient (a) of the pulmonary capillary bed. Electron microscopic studies demonstrated that the capillary posts have a highly organized internal structure with abundant collagen and an elastin or elastinlike core. Collagen fibers originate from the alveolar-capillary basement membrane, emerge in a herringbone pattern, and sweep toward the center of the post in a helical array around the elastinlike amorphous and fibrillar core. The unusual compliance of the microvascular blood vessels in the lung can be correlated with the architectural organization within the posts.
concept (3) . According to the model, blood flow can be visualized as flow between two opposing layers of (capillary) endothelium separated by endothelium-covered avascular posts. This model seemed more appropriate to the reality of the pulmonary microvascular bed than did the model of a capillary tube compressed into a tight vascular network with capillary segments wider than they were long and more realistic in terms of the fluid mechanics of blood flow through this space.
The pulmonary alveolar microvascular sheet is characterized by two independent quantities: one is the ratio of the vascular lumen space to the circumscribing tissue space of that network, which we have termed "vascular space-tissue ratio" or VSTR (3) , and the other is the thickness of the microvascular sheet.
Mean VSTR values of 0.91-0.92 were consistently found in all lobes of the cat lung and PULMONARY MICROVASCULAR ELASTICITY 441 were insensitive to a change in intravascular pressure over the range of 15 to 25 mm Hg at an airway pressure of 10 cm HoO. With an unvarying VSTR, sheet thickness becomes the significant variable.
In our earlier report (3) , the thickness data at each perfusion pressure were analyzed without further classification with respect to exact local pressure. It was shown that the average sheet thickness of random samples over the entire lung was 7.4/x when the intravascular pressure was 15 mm Hg and the airway pressure 10 cm H L .O and 7.8/x when the intravascular and airway pressures were 25 mm Hg and 10 cm H 2 O respectively. It was clear that the sheet thickness was variable.
Sheet thickness measurements at two intravascular pressures as described above are inadequate to characterize the elastic properties of the pulmonary interalveolar microvascular sheet. In these supine cats, the tissue blocks were identified only by lobe of the lung, without exact location within the lobe in relation to the reference pressure level; the total number of measurements was not large enough, and the range of transmural pressures should be extended. Therefore, we believe it is necessary to extend these sheet thickness measurements under more sharply defined conditions.
Methods
An extensive description and a critique of the materials, animal preparation, and various techniques used in these studies have been published (3) . Therefore, only a brief outline of the methods will be given except as they have been modified since that publication.
The silicone elastomer microvascular casting method was used in these studies of the lungs of three healthy male mongrel cats weighing 3.1-5.9 kg (3, 4) . With the anesthetized animal in the supine position, the trachea was cannulated, artificial respiration was begun, a systemic vein and the abdominal aorta were cannulated, and the animal was killed with pentobarbital. In rapid succession a midline thoracotomy was made, the pulmonary artery was dissected free and cannulated under saline, the thoracotomy edges were approximated by clips, the lung was expanded to a constant airway pressure of 10 cm H 2 O, and the animal was moved into and secured in a vertical Circulation Research, Vol. XXX, April 1972 position. The pulmonary vasculature was perfused from the pulmonary artery through the lung and left heart to the aorta with a low viscosity silicone elastomer at a pressure of 25 mm Hg for 20 minutes. This perfusion pressure was previously demonstrated to be adequate to displace blood from the capillary bed while silicone elastomer viscosity remained low. After 20 minutes the perfusion pressure was dropped to 15 mm Hg, and the aortic cannula was closed to maintain a constant or static pressure head while the silicone elastomer catalytically hardened. Reference pressure level was at the entrance of the cannula in the pulmonary artery. The lung was maintained inflated at a pressure of 10 cm H..O from the start of the silicone infusion throughout the 2 hour period required for catalytic hardening of the elastomer and the time after hardening required for formalin-steam fixation of the lung.
Tissue Preparation.-After catalytic hardening of the silicone in the vertically placed cat, the lung was fixed by formalin-steam under a pressure of 10 cm HMO. Blocks of lung were taken from levels precisely localized with respect to the reference level and subsequently embedded in warm gelatin under vacuum. Histological sections were prepared at a thickness of 10-50| U,, stained with the metachromatic stain cresyl violet, and mounted in glycerol gelatin; the cover slips were subsequently sealed. With the capillary bed filled with the transparent silicone polymer and the capillary basement membrane stained a blueblack with cresyl violet, the microvasculature is sharply defined in both the plan view and in cross section (Figs. 1 and 2).
Measurement Techniques.-Sheet thickness was measured and VSTR data were obtained by methods which differed slightly from those originally described. Histological slides were examined on a specially designed universal stage to position the interalveolar wall in a plane either at right angles to or parallel with the optical axis of the microscope for measurement of VSTR or sheet thickness, respectively. A Watson oil immersion microscope objective, 45x/NA 1.0, was used in all measurements. The optical image was transmitted through a "K" mirror, for planar rotation of that image, and an image-shearing device (Vickers AEI image-splitting eyepiece) into a closed television system, the latter controlled by a selective video amplifier which permitted fine control of edge sharpness, background, image contrast, and image reversal. Two 5 x 8 inch monitors were used for display of the video image; one was rack mounted for observation and measurement, and the other was vertically placed with the monitor tube facing upward for image tracing. A swing-out mirror in Photomicrograph of a cat lung showing a group of alveoli around an alveolar duct. Plane or flat view of interalveolar walls with the capillary bed filled with silicone elastomer. Other interalveolar walls cut in cross section (W) are blurred except the one (X) seen over the duct. Only a small part of the bed in plane view is sharply in focus although the tight mesh of the capillary bed w clearly seen in a few areas. The fine lines and slitlike spaces which appear to "connect" adjacent posts are stained basement membrane, cut in optical section, of troughlike indentations of the alveolar surface running between some posts. Between the epithelial surfaces there are no connections between the posts (P). Cresyl violet stain; 50-fi thick frozen section from gelatin-embedded tissue; glycerol gelatin mount.
the microscope optical train permitted photography of the image through appropriate optics.
Sheet thickness was measured with the imageshearing eyepiece by coupling the eyepiece drive mechanism with a precision resistor which was part of a Wheatstone bridge circuit. Bridge imbalance was read directly on a digital voltmeter in microns and printed. Sensitivity of the bridge was adjustable, calibrated for each microscope objective, and the calibration was checked daily.
The initial calibration was made with a certified stage micrometer. Baez (5) has given a detailed description of the optical shearing technique as it is applied to microscopy, including a discussion of the accuracy of the method which is greater than the optical resolution of the microscope. For measurement of sheet thickness, the cut edge of the interalveolar wall was positioned in a plane exactly parallel to the shearing plane of the image-shearing eyepiece by rotation of the optical PULMONARY MICROVASCULAR ELASTICITY
FIGURE 2
Photomicrograph of a cat lung preparation as in Figure 1 image with the K mirror and then further aligned by adjustment of the universal stage so that the wall did not shift laterally with a change in microscope focus. Sheet thickness was taken to be the distance between the opposing stained basement membranes, uncorrected for the endothelial cell layer which was usually below the optical resolution of the microscope.
VSTR was determined by planimetry of a tracing of the flat view of the alveolar wall made on polyester film in direct contact with the face of the vertically placed implosion-proof monitor tube. Details of this morphometric analysis have been given (3) . Both sheet thickness and VSTR were measured on the same series of slides from any one block of tissue. All measurements were made by one individual and each slide was considered an unknown.
It was possible to obtain additional samples of lung from the original series of supine animals in which the pulmonary capillary bed was exposed to pressures of 15 and 25 mm Hg. Blocks were removed from the dorsal and ventral portions of both lower lobes and the ventral portion of the middle lobes and related precisely to the reference level at the pulmonary artery.
Electron Microscopy.-The lungs of two young healthy anesthetized cats were fixed in situ by instillation of fixative via a tracheal cannula under a pressure of 20 cm H 2 O with the thorax intact Circulation Research, Vol. XXX, April 1972 (6) . The fixative was 3% gluteraldehyde in 0.1% sodium cacodylate buffer adjusted to pH 6.4, containing 0.1% cetylpyridinium chloride (7) . The thorax was opened shortly thereafter, the lungs removed and placed in the gluteraldehyde solution for a total time of 1 hour after fixative instillation. Blocks of lung 1 mm :f were removed and postfixed in 1.0% osmium tetroxide for 1 hour, dehydrated in graded alcohols, and embedded in Araldite (8) . Tissue blocks were oriented to demonstrate the interalveolar microvascular post region in thin sections cut on a Porter-Blum MT1 ultramicrotome. Sections were stained with uranyl acetate and lead citrate and observed with a Picker AEI EMU-6B election microscope. The lungs of two additional cats were treated identically to those described above except that cetylpyridinium chloride was omitted from the fixative solution.
Results
A total of 2753 individual measurements of the thickness of the pulmonary interalveolar microvascular sheet were made in the cat. Data were classified for several values of the transmural pressure (Ap = p -p ah -when p is intravascular pressure and p n \ r is alveolar pressure). Over the pressure range of 6.3 to Plot of data in Table 1 . Each set of data points is from the numbered sequence in Table 1 27 .4 cm H^O in the bed, mean sheet thickness varied from 6.0 to 10.6/* ( Fig. 3 and Table 1 ). In Figure 3 , the mean and standard deviations at various levels of Ap are plotted. The regression line in this pressure range is described by H = 4.28 + 0.219 Ap, where Ti is the mean alveolar sheet thickness. The numer-ical values for the plotted data are given in Table 1 .
VSTR data and details of the sheet geometry are given for the vertical cat preparations in Table 2 . These are the pooled data for all three animals. Over the transmural pressure range of 12 cm H-O, the vertical distance between the apex and base of the lung, VSTR remains essentially constant with small variability. Since the VSTR data previously reported in the supine preparations at two different intravascular pressures was unvarying, these measurements were not repeated in these tissue specimens taken for thickness measurements.
The dimensions of the microvascular sheet listed in Table 2 are computed as described previously (3). The total surface area planimetered is divided into a series of hexagons of equal size, the number corresponding to the number of posts in each total area. Over the range of transmural pressure from 6.3 to 18.3 cm H 2 O, the hexagon area and post diameter decrease concomitantly as the intravascular pressure increases, since VSTR is unvarying over this pressure range. This is completely in accord with our previous findings (3) . 5.995 ± 0.8325 5.925 =*= 0.5995 5.830 ± 0.5368 6.020 ± 0.6021 5.920 ± 0.5779 6.707 =*= 0.6545 6.637 ± 0. Values are means = * = SD. Ap is the traiismural pressure difference; VSTR is vascular space tissue ratio expressed in percent; hexagon area is planimetered sheet area divided by the number of posts in area; and interpost distance is the distance between post edges.
sheet contain copious amounts of collagen and a centrally placed elastinlike core in which both amorphous and fine fibrillar material is seen ( Fig. 4) . Within the post, collagen fibers are present in a wavy roughly helical order; each collagen fiber does not appear to extend through the whole length of a post but may be embedded in or surround the elastinlike core of the post. The details of the post structure are shown in the electron micrographs cut in nearly longitudinal (Fig. 4A ) and crosssectional ( Fig. 4B) , planes. At the area of transition between a respiratory area (alveolar capillary region) and a post, a higher magnification shows the collagen fibers in a distinct herringbone arrangement connecting epithelium to endothelium and extending into the post area ( Fig. 5 ). These collagen fibers are continuous with the alveolar-capillary basement membrane through some intermediate, smaller fibers which have not been specifically identified (Fig. 6 ). In electron micrographs of tissues fixed in the absence of cetylpyridinium chloride, details of the structural organization are less distinct or absent: most of the fiber and fibrillar detail is replaced with an amorphous fine granular material.
Discussion
Microvascular Sheet Elasticity.-Perhaps both the compliance of the interalveolar microvascular sheet and its linear response to a pressure load were contrary to popularly held concepts, but they were anticipated on theoretical grounds in our earlier report (2) .
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Eq. 36 of that report states that h = 7i 0 + app«iv), where, as used in this paper, h is average sheet thickness, h 0 is sheet thickness extrapolated to zero pressure, and a is the compliance coefficient of the sheet, p is intravascular pressure, and p a iv is alveolar pressure. From the data plot of Figure 3 elastomer where the only nonfilled tissues were the avascular posts. Part of the difference in increased values of a in our data must be due to the different experimental conditions. As is shown by Fung and Sobin (10) , in a lung with flowing blood the blood pressure at the arteriole entry into an alveolar sheet is smaller than the arterial pressure computed from a hydrostatic formula so the scale of transmural pressure in centimeters of water should be smaller than the vertical distance down the lung in centimeters. This correction was not made in arriving at the values of a quoted above. If this correction is made, the values of a for the dog would be larger. Further differences may arise from the different methods of measurement of width and, of course, the different animal species, i.e., dog vs. cat. Capillary Elasticity.-There are few published data on general capillary compliance. Burton (11) , in summarizing W. Jerrard's unpublished data, stated that the frog mesenteric capillaries were certainly less distensible than 0.2%/mm Hg and probably less than 0.08$/ mm Hg. These would be 0.15%/cm H.O and 0.059%/cm H 2 O, respectively. This should be compared to a compliance of 3.5%/cm H a O for the sheet. Similarly, during the occlusion of single capillaries in the mesentery and omentum of the rat and rabbit by micromanipulation, Zweifach and Intaglietta (12) stated the following: "There were no measur-Circulation Research, Vol. XXX, April 1972 able changes in the diameter of the capillary vessels either during the period in which no active flow existed after micro-occlusion, or after the needle had been removed. The vessels (capillaries) thus act as rigid tubes,..." Fung (13) suggested that capillaries in the mesentery behave like a tunnel in a gel and that capillary behavior cannot be tested independently of this surrounding gel. By measuring the stress-strain relation of the mesentery and using the result to compute the contribution of the surrounding tissue to the rigidity of the capillary blood vessels contained therein, Fung et al. (14) showed that the surrounding media contributed 99% of the rigidity to the capillary blood vessels in the mesentery when the mesentery was stretched to the extent used in the experiment of Baez et al. (15) . It follows that the compliance of the Electron micrograph of a section through an area similar to that shown in Figure 5 . This section has been overstained with uranyl acetate and lead citrate to more clearly demonstrate an unidentified fiber (arrows) which emanates from the basement membranes (bin), shown here cut tangentially, of the epithelium (EP) and endothelium (END) to connect with the collagen fibers (CO) entering the post region.
capillaries depends on the amount of surrounding tissue that is integrated into the blood vessel. If the surrounding tissue is large compared with the capillary, then the rigidity of the capillary would be derived mostly from the surrounding tissue. If the surrounding tissue is small compared with the capillary, then the capillary will be more distensible.
Our study of the capillary bed in the lung was initiated by the realization that here the alveolar-capillary membrane has essentially no tissue surrounding it and hence would be expected to be quite distensible. On the other hand, tautness of the alveolar membrane in an inflated lung and the even distribution of the posts would imply a linearity of the thicknesspressure relationship (for detailed discussion see ref. 16 ). The findings presented above confirmed these expectations.
The linearity of the thickness-pressure curves is undoubtedly due to our not testing this capillary bed at low pressures, where the closure of the microvascular sheet should occur, and at high pressures, where the curve should bend toward the pressure axis. This is further discussed by Fung and Sobin (16) .
Secondary Effects.-As sheet intravascular pressure increases and the membranes deflect more and more, a secondary effect must take place in the plane of the membranes. If the average membrane tension remained the same, then the increased lateral deflection of the membrane must cause the membrane to pull in from the edges with reduced hexagon area and interpost distance, so that if geometric similarity is maintained then the total lung volume must decrease. This will occur in experiments with the chest open. On the other hand, if the total lung volume is kept constant, then with increasing sheet intravascular pressure the average membrane tension must be increased, so that if the lung is enclosed in an intact thorax the pleural pressure will decrease. These can be tested experimentally.
The details of the configuration assumed by the sheet in response to increasing pressure must await further study by electron microscopy. However, some rounding of the sheet at the post does occur and this can be seen in the cross-sectional views in Figure 2 where alveolar surfaces of the sheet are straight in the narrow low pressure preparation and scalloped in the wider high pressure preparation. In this context, the report of Danzer et al. (17) on the diffusing capacity of carbon monoxide in man in relation to membrane diffusing capacity and capillary blood volume is interesting. These investigators found that the increased diffusing capacity in exercise could be accounted for by increased capillary volume with a change in capillary shape from an elliptical to a circular cross-section. This is consistent with the shape change which occurs experimentally in the sheet with increasing pressure.
Ultrastriicture of the Posts.-The electron microscopic studies demonstrate that the alveolar intercapillary posts have a highly organized internal structure with abundant collagen and an elastin or elastinlike core. The collagen fibers originate from the alveolarcapillary basement membrane at the "corners" of the posts, emerge in a herringbone pattern, and sweep toward the center of the post in a helical array around the elastinlike material composed of both amorphous and fibrillar substances. These studies are not yet definitive relative to the core and will require special techniques for positive histochemical identification of elastin.
The correlation between structure and function of the posts is exceptionally beautiful. From the experimental data it is clear that the Circulation Research, Vol. XXX, April 1972 vascular sheet is distensible and the posts provide the appropriate elastic support for this compliance. Collagen, the major component of the posts, is quite rigid. It is the architectural organization of the collagen fibers from their origin within the alveolarcapillary basement membrane to their apparent termination around a central elastic core which provides the compliance of the posts as a whole.
The few publications which refer to or illustrate the post region show it to be mostly amorphous with occasional fibroblast and few collagen fibers (6) . It is generally included in the term "interstitium." Undoubtedly the fine structure of the posts demonstrated in our studies was due to preservation of the mucopolysaccharide ground substance by cetylpyridinium chloride, which in turn preserves the organizational pattern of fiber and fibrillar elements.
A detailed analysis of the fine structure of the post as it relates to sheet distensibility will require a serial electron microscope section study to demonstrate the structural interrelationships at the core and the basement membrane. These data may ultimately provide the morphologic basis for theoretical mechanical analysis and understanding of pulmonary capillary elasticity and pulmonary alveolar blood flow.
